Introduction {#S1}
============

In 1904, the Danish scientist Niels Hjelte Claussen isolated and identified a new yeast species at the Carlsberg Research Laboratory (CRL---formerly Carlsberg Laboratory). The yeast was named "*Brettanomyces*" meaning "British fungus," after being found in an English stock ale beer. Curiously, *Brettanomyces* was then the first microorganism in the history being patented ([@B16], [@B17]). In continuity to Claussen's work, Holger Schiønning characterized more *Brettanomyces* isolates who he named "Torula" between the years 1905 and 1908 ([@B93]; [@B4]). From then, *Brettanomyces* species have been isolated in wineries and breweries all over the world, as well as other substrates like sodas, olives, kombucha, and bioethanol production plants ([@B91]; [@B95]). In its sexual form, it is also referred to as *Dekkera*, a genus comprising the most frequently found species *Dekkera/Brettanomyces bruxellensis* and *Dekkera/Brettanomyces anomalus* (for review, see [@B97]). In addition, other asexual species of *Brettanomyces* have been described, such as *Brettanomyces naardenensis*, *Brettanomyces custersianus*, and *Brettanomyces nanus* ([@B64]; [@B105]; [@B86]). The potential of *Brettanomyces* species for brewing is controversial, as it is usually recognized as a spoilage yeast, being the cause of major economic losses in many production facilities ([@B45]; [@B67]). Its main spoilage feature is the production of phenolic off-flavor (POF), more specifically 4-ethylguaiacol (4-EG) and 4-ethylphenol (4-EP), imparting displeasing characters to the final product, described as horsy, barnyard, leather, band-aid, or medicine ([@B55]; [@B14]; [@B12]). Nevertheless, *Brettanomyces* species are playing an important role in spontaneously fermented traditional Belgian beers, such as Lambics or Gueuzes, and are also contributing with "funky" characters to farmhouse ales ([@B98]; [@B19]; [@B101]). Over the last decade, the craft beer sector has constantly demanded novel attractive flavors, and there has been a rising interest in understanding *Brettanomyces* species, exploiting its potential in beer fermentation and ethanol production (for review, see [@B18]).

Understanding the relationship between genotype and phenotype is essential for strain selection and optimization of brewing. However, the lack of genomic tools to perform gene deletions in *Brettanomyces* strains is still a bottleneck to establish convincing genotype-phenotype correlations ([@B72]; [@B109]). Moreover, while yeast breeding via sporulation and mating is a common practice for strain improvement in brewer's yeast ([@B90]; [@B102]; [@B44]), it is still unclear if there is such a tool available for *Brettanomyces* species. To date, several assemblies of *B. bruxellensis* species have been published ([@B23]; [@B83]; [@B9]; [@B22]; [@B78]; [@B37]) displaying a wide intra-specific variability of *B. bruxellensis* species ([@B111]; [@B54]; [@B9]). There are frequent variations at genomic level, including re-organizations and gene duplications, with the number of chromosomes varying from 4 to 9 ([@B111]; [@B51]). While most of the population is diploid (2n) or triploid (3n) ([@B9]; [@B5]), up to five alleles for certain locus have been reported ([@B5]). In addition, there is an increasing number of studies focusing on the human influence on the domestication of conventional brewer's yeast suggesting that yeast populations have been pushed toward a concrete phenotype: POF negative, high flocculation, maltose assimilation ([@B43]; [@B49]; [@B84]; [@B80]). Artificial selection pressure has also been investigated for *Brettanomyces* species, mainly with the usage of SO~2~ as a wine preservative. Recent studies have found a correlation between a triploid state and SO~2~ tolerance ([@B24]; [@B6]). Interestingly, another recent study, using microsatellite genotyping of 1488 different *B. bruxellensis* isolates concluded that ploidy explains much of the population variance and can be correlated to SO~2~ tolerance ([@B5]).

The biochemical pathways involved in beer fermentation and aroma formation in brewer's yeasts have been extensively studied. Fewer studies have been done in *Brettanomyces* yeasts, although genetic similarities with brewer's yeasts have been reported ([@B24]). One of them is the use of promoter rewiring for survival strategies, based on producing, accumulating, and consuming ethanol ([@B58]; [@B88]). A crucial trait for an efficient beer fermentation is maltose utilization. The MAL locus is commonly duplicated as an adaptive response to the substrate ([@B75]; [@B108]; [@B43]). While complex regulatory pathways involved in maltose utilization have been characterized in brewer's yeast ([@B60]; [@B57]), maltose metabolism in *Brettanomyces* is still unclear. Different sugar consumption patterns have been reported, with variations in maltose and maltotriose utilization ([@B21]; [@B96]). Ethanol production is closely linked to sugar utilization, and *Brettanomyces* has been widely described as a potential bioethanol producer ([@B8]; [@B2]; [@B92]). A unique property of *Brettanomyces* yeasts is their high β-glucosidase activity, conferring the capability to break beta linked substrates ([@B27], [@B26]). This activity allows the release of aromatic monoterpene alcohols from hops, enhancing "flowery" and "citrus" characters in beer. Additionally, it facilitates *Brettanomyces* long-lasting survival in wooden barrels by enhancing the break-down of cellobiose, the main disaccharide present in wood (for review, see [@B101]). Two ORFs coding for β-glucosidases have been identified, and other non-specific exo-glucanases (EXG) have been suggested ([@B22]; [@B63]).

Quantification of volatile compounds (VOCs) is a common practice to predict the flavor and aroma of a beverage. VOCs are secondary metabolites produced by the yeast during fermentation, generally consisting of higher alcohols, esters, ketones, and phenols. Higher alcohols are commonly related to solvent-like aromas and are mainly products of the catabolism of aromatic amino acids (leucine, isoleucine, valine) through the Ehrlich pathway ([@B53]). Esters are associated with pleasant fruity flavors and comprise two types: acetate esters and ethyl esters. Acetate esters are normally synthesized with acetyl-CoA reacting with ethanol or a higher alcohol, the most frequent being isoamyl acetate (banana aroma), ethyl acetate (lipstick aroma), and 2-phenylacetate (honey aroma) ([@B7]). These reactions are catalyzed by either Atf1 or Atf2, and can be reversed by the action of Iah1 esterase ([@B38]; [@B40]). As a result, the ratio between higher alcohols and acetate esters remains dependent on the balance of Atf1/Iah1 activities ([@B41]). Ethyl esters are described as pineapple, grape, and tropical fruit aromas and are formed in a reaction of an activated fatty acid with ethanol by the activity of ethanol acyl transferases: Eeb1 and Eht1 ([@B89]). In addition, formation of the "buttery" off-flavor diacetyl during alcoholic fermentation presents a challenge for brewers. Diacetyl is formed by a non-enzymatic reaction from acetolactate leaking out of the cell. Synthesis of acetolactate is mediated by the *ILV2* and *ILV6* genes among others ([@B46]; [@B31]). As acetolactate is an intermediate in the branched-chain amino acids (BCAA) biosynthetic pathways, it can be feedback regulated by valine ([@B62]). Furthermore, POF production by brewer's yeasts has been well characterized. 4-Vinylguaiacol (4-VG) production is a result of a dimeric interaction of Pad1 and Fdc1 proteins decarboxylating ferulic acid from the media ([@B73]). In *Brettanomyces* species, POF production consists of a two-step conversion pathway, with an additional reduction step of 4-VG to 4-EG ([@B55]; [@B48]). A phenolic acid decarboxylase (BbPad1) has been identified as being responsible for the decarboxylation of ferulic acid ([@B47]), and a superoxide dismutase (BbSod) has been suggested for the second reduction step (4-VG to 4-EG) ([@B87]). The same pathway is used to produce 4-vinylphenol (4-VP) and 4-EP, using coumaric acid as a substrate. The proportion of 4-EG/4-EP in *Brettanomyces* fermented *beer* is 3:1, while in wine it is 1:1 or lower (for review, see [@B19]). As 4-EP is generally more unpleasant than 4-EG, such ratio could play a significant role in explaining why *Brettanomyces* species are more undesired in wine ([@B19]; [@B68]; [@B15]).

In order to gain a better understating of the genetic diversity and the brewing capabilities of *Brettanomyces*, we sequenced the whole genome of 84 strains including the species *B. bruxellensis, B. anomalus*, *B. custersianus*, and *B*. *naardenensis*, derived from different sources worldwide, and make them available to the scientific community. The genomes were annotated, the function of each gene was predicted, and the strains were compared with each other. Strains were grouped according to the genomic organization, absence or presence of brewing-relevant genes was investigated. Essential brewing traits were investigated, including wort fermentation and flavor analysis along with *in vitro* assays to predict specific enzymatic activity. Finally, the genotype--phenotype relationship has been investigated, revealing new population trends and highlighting new application areas of *Brettanomyces*.

Materials and Methods {#S2}
=====================

*Brettanomyces* Strain Collection and Culture Conditions {#S2.SS1}
--------------------------------------------------------

*Brettanomyces* strains were selected from CRL yeast strain collection. Strains used in this study are mainly isolated from beer. Isolates from wine, kombucha, sodas, olives, and bioethanol production plants, among others, are also included. The geographical origin of the strains is very diverse, comprising isolates from Europe, South America, Africa, and Australia ([Figure 1](#F1){ref-type="fig"} and [Table 1](#T1){ref-type="table"}). We have included two of the oldest known *Brettanomyces* isolates in the world, obtained at the CRL in Denmark between the years 1904--1908 (CRL-49, CRL-50) ([@B93]).

![Geographical distribution and substrate of origin of the *Brettanomyces* strains included in the study.](fmicb-11-00637-g001){#F1}

###### 

List of *Brettanomyces* strains included in the study.

  **CRL num**   **Specie**          **Source**          **Country**      **Collection ID**
  ------------- ------------------- ------------------- ---------------- ----------------------------------------
  CRL-1         *B. bruxellensis*   Beer                Belgium          *Brettanomyces* Drie BSI
  CRL-2         *B. bruxellensis*   Cask beer           United States    --
  CRL-3         *B. bruxellensis*   Cask beer           United States    --
  CRL-4         *B. bruxellensis*   Beer                Belgium          Wyeast5112
  CRL-5         *B. bruxellensis*   Beer                United States    WLP648
  CRL-6         *B. bruxellensis*   Beer                United States    WLP650
  CRL-7         *B. anomalus*       Beer                United States    Wyeast 5151
  CRL-8         *B. bruxellensis*   Beer                Denmark          WLP645
  CRL-9         *B. bruxellensis*   Beer                Belgium          Wyeast5526
  CRL-10        *B. bruxellensis*   Beer                Belgium          WLP653
  CRL-11        *B. bruxellensis*   Cask beer           United States    \-
  CRL-12        *B. bruxellensis*   Cask beer           Denmark          \-
  CRL-13        *B. bruxellensis*   Beer                Denmark          \-
  CRL-14        *B. bruxellensis*   Beer                Denmark          \-
  CRL-15        *B. bruxellensis*   Saison beer         United States    \-
  CRL-16        *B. bruxellensis*   Beer                United States    American Farmhouse-Imperial yeast
  CRL-17        *B. bruxellensis*   Beer                United States    Sour Batch Kidz-Imperial Yeast isolate
  CRL-18        *B. anomalus*       Beer                United States    Sour Batch Kidz-Imperial Yeast isolate
  CRL-19        *B. bruxellensis*   Beer                United States    Suburban Brett-Imperial Yeast
  CRL-20        *B. bruxellensis*   Beer                Belgium          Saccharolicious BrettI
  CRL-21        *B. bruxellensis*   Beer                Belgium          Saccharolicious BrettII
  CRL-22        *B. bruxellensis*   Beer                United States    --
  CRL-23        *B. bruxellensis*   Beer                United States    Belgian sour mix---The Yeast Bay
  CRL-24        *B. bruxellensis*   Beer                United States    Belgian sour mix---The Yeast Bay
  CRL-25        *B. bruxellensis*   Beer                Belgium          --
  CRL-26        *B. bruxellensis*   Beer                Belgium          Brussels blend---The Yeast Bay
  CRL-27        *B. bruxellensis*   Abbey Beer          Belgium          Orval beer
  CRL-28        *B. bruxellensis*   Beer                Belgium          --
  CRL-29        *B. bruxellensis*   Beer                Belgium          --
  CRL-30        *B. anomalus*       Beer                United States    Amalgamation---The Yeast Bay
  CRL-31        *B. bruxellensis*   Beer                United States    Amalgamation---The Yeast Bay
  CRL-33        *B. bruxellensis*   Beer                United States    Amalgamation---The Yeast Bay
  CRL-34        *B. bruxellensis*   Beer                Belgium          Beersel Blend---The Yeast Bay
  CRL-35        *B. bruxellensis*   Beer                Belgium          Lochristi Blend---The Yeast Bay
  CRL-36        *B. bruxellensis*   India pale ale      United States    --
  CRL-38        *B. bruxellensis*   Cask beer           Denmark          --
  CRL-39        *B. anomalus*       Lambic beer         Denmark          --
  CRL-40        *B. bruxellensis*   Wine                Germany          CBS2796
  CRL-41        *B. anomalus*       Beer                United Kingdom   CBS77
  CRL-42        *B. custersianus*   Beer                South Africa     CBS5207
  CRL-47        *B. bruxellensis*   Beer                Belgium          CBS74
  CRL-48        *B. bruxellensis*   Beer                Belgium          CBS75
  CRL-49        *B. anomalus*       Beer---CRL (1906)   Denmark          CBS76
  CRL-50        *B. bruxellensis*   Beer---CRL (1906)   Denmark          CBS78
  CRL-51        *B. bruxellensis*   Wine                France           CBS2336
  CRL-52        *B. bruxellensis*   Bantu beer          South Africa     CBS5512
  CRL-53        *B. custersianus*   Olives              Netherlands      CBS8347
  CRL-54        *B. custersianus*   Bantu beer          South Africa     CBS4805
  CRL-55        *B. bruxellensis*   Beer                Denmark          --
  CRL-56        *B. bruxellensis*   India pale ale      United States    --
  CRL-57        *B. anomalus*       Beer                Australia        CBS1947
  CRL-58        *B. anomalus*       Beer                Germany          CBS4712
  CRL-59        *B. bruxellensis*   Lambic beer         Belgium          CBS72
  CRL-60        *B. bruxellensis*   Porter beer         Ireland          CBS96
  CRL-61        *B. anomalus*       Beer                Germany          CBS4711
  CRL-62        *B. bruxellensis*   Stout beer          Netherlands      CBS98
  CRL-63        *B. bruxellensis*   Beer                Belgium          --
  CRL-64        *B. naardenensis*   Soda water          United States    CBS6040
  CRL-65        *B. naardenensis*   Lemonade            Denmark          CBS6108
  CRL-66        *B. naardenensis*   Soft drink          South Africa     CBS7540
  CRL-67        *B. anomalus*       Soft drink          Spain            --
  CRL-68        *B. anomalus*       Soft drink          Netherlands      CBS8138
  CRL-69        *B. anomalus*       Cider               France           CBS4212
  CRL-72        *B. bruxellensis*   Ethanol plant       Sweden           CBS1292
  CRL-73        *B. bruxellensis*   Ethanol plant       Sweden           CBS1315
  CRL-74        *B. anomalus*       Sherry vat          South Africa     CBS4608
  CRL-75        *B. bruxellensis*   Sour wine           France           CBS1943
  CRL-76        *B. bruxellensis*   Sour wine           France           CBS2547
  CRL-77        *B. bruxellensis*   Wine                South Africa     CBS4602
  CRL-78        *B. bruxellensis*   Champagne           South Africa     CBS4481
  CRL-79        *B. bruxellensis*   Sherry wine         South Africa     CBS4482
  CRL-80        *B. bruxellensis*   Wine                Italy            --
  CRL-81        *B. bruxellensis*   Wine                Italy            --
  CRL-82        *B. bruxellensis*   Wine                Italy            --
  CRL-83        *B. bruxellensis*   Wine                Italy            --
  CRL-84        *B. bruxellensis*   Wine                France           --
  CRL-85        *B. bruxellensis*   Wine                Australia        --
  CRL-86        *B. bruxellensis*   Wine                Australia        --
  CRL-87        *B. bruxellensis*   Wine                Australia        --
  CRL-88        *B. bruxellensis*   Wine                South Africa     --
  CRL-89        *B. bruxellensis*   Wine                South Africa     --
  CRL-90        *B. anomalus*       Wine                Denmark          --
  CRL-91        *B. bruxellensis*   Beer                Belgium          --
  CRL-96        *B. bruxellensis*   Wine                Chile            --

All strains are pure cultures isolated from different substrates and geographical locations.

For strain isolation from beverages, Wallerstein Laboratory Nutrient (WLN) agar containing bromocresol green supplemented with cycloheximide (4 μg/mL) was used as a selection media. *Brettanomyces* strains were differentiated based on color and morphology when metabolizing bromocresol green. Preliminary species differentiation was performed by polymerase chain reaction (PCR) amplification of the internal transcriber spacer (ITS) region followed by gel electrophoresis ([@B39]). In the current study, 84 isolates were used, comprising 64 *D. bruxellensis*, 14 *D. anomalus*, three *B. naardenensis*, and three *B. custersianus*. For general cultivation, strains were grown in yeast peptone dextrose (YPD) at 25°C with agitation (100 r/min, IKA KS 501 digital). For storage purposes, YPD supplemented with 20% glycerol was used to freeze the cultures at −80°C. To perform high-throughput phenotyping, the strain collection was arranged in triplicates in Greiner Flat-Bottom Microtiter Plate (MTP, 96-well format). Biomek FXP Automated Workstation (Beckman--Coulter) was employed for general liquid handling and for *in vitro* assays.

Yeast Whole-Genome Sequencing {#S2.SS2}
-----------------------------

For genomic DNA isolation, single colonies were inoculated in liquid YPD and grown for 1 week in 50 mL shake flasks. Biomass was collected by centrifugation (4000 *g*, 10 min, 4°C), washed with sterile water, and stored at −4°C in 70% ethanol. Pellets were delivered for DNA extraction, short insert size library preparation (\<800 bp), 150 bp paired-end sequencing on Illumina HiSeq4000 whole-genome sequencing (performed by BGI Europe^®^). In order to get high-quality genome assemblies, representatives for each species, were selected for PACBio RSII technology long-read sequencing (CRL-49 as *B. anomalus*, CRL-53 as *B. custersianus*, and CRL-65 as *B. naardenensis*) (performed by BGI Europe^®^). For the *B. bruxellensis* group, the publicly available genome of the isolate UMY321 was obtained from NCBI ([@B37]).

Bioinformatics Analysis: Genome Assembly, Gene Calling, Prediction of Function, and Phylogenetic Comparison {#S2.SS3}
-----------------------------------------------------------------------------------------------------------

*De novo* assembly for all the 84 yeast strains was performed using ABySS (Assembly By Short Sequences), a parallelized sequence assembler. Strain species were identified by blasting against the internal transcribed spacer (ITS) region from fungi type and reference material database of NCBI.

The PacBio raw sequencing reads were assembled with Canu software ([@B61]) using the default parameters. Each Canu assembly was used as a reference to map the corresponding short reads using fast and versatile mapper (Minimap2) ([@B69]). The resulting SAM files were transformed into sorted and indexed BAM files using Samtools ([@B70]). Finally, we used a tool for polishing our Canu assemblies with the Illumina short reads to produce an improved draft assembly for each of the PacBio sequenced yeast.

We next divided the whole pool into four groups (according to its species) and for each one of them defined the reference. For the *B. anomalus* species, the "polished" sequence of CRL-49 was used as a reference; the CRL-53 was used as a reference for the group *B. custersianus*, while the CRL-65 served as a reference for the *B. naardenensis* group. The genome of the *D. bruxellensis* UMY321 strain served as a reference for the *B/D. bruxellensis* group ([@B37]). It is publicly available from NCBI and the authors obtained the most complete and contiguous *de novo* assembly of *D. bruxellensis* using a combination of Nanopore long-read and Illumina short-read sequencing data ([@B37]). For all the four groups, we mapped the short Illumina reads to the reference using BWA-MEM algorithm and set a filter on MAPQ (mapping quality) 30, in order to get only uniquely mapped reads. We then generated a consensus sequence for each genome which was used for the downstream analyses.

For gene prediction, we used Augustus with the consensus sequence generated on the mapping step ([@B99]). The *Saccharomyces cerevisiae* S288C was used as the closest related species. For each yeast, the amino acid sequence and the general feature file (GFF) were saved for the later steps. To predict the function of each open reading frame (ORF), a query against the Protein Database of NCBI with keywords "brettanomyces, saccharomyces, saccharomycopsis" was done, resulting in 1,318,613 hits, which were then used to build a BLAST DB (functional_db). Each of the proteins of the three references (CRL-49, CRL-53, CRL-65) were searched against the functional_db using an e-value cut-off of 1e-4 and in the case of success the function was then transferred from the hit to the query.

To compare the 85 yeast genomes, OrthoFinder, a platform for comparative genomics was used ([@B33], [@B36]). Orthogroups, gene orthologs, and complete set of gene tree were computed from raw amino acid sequences with OrthoFinder. The species tree was inferred from the set of unrooted orthogroup gene trees, and a consensus tree was taken of all individual estimates using STAG algorithm ([@B35]), and was rooted using STRIDE ([@B34]). The metadata consisting of "Source," "Species," and "Continent" was added in the dataset, and the phylogenetic tree was imported on CLC Genomics Workbench 11 software (QIAGEN Bioinformatics^®^). The tree visualization was elaborated under the Circular cladogram and radial display ([@B85]). CLC Genomics Software was used for general genome analysis and data handling. BLAST function on CLC was used to predict regions of loss, and hits scoring \> 95% of the total BLAST score were considered as valid for gene presence.

Phenotypic Characterization and *in vitro* Assays {#S2.SS4}
-------------------------------------------------

### Small-Scale Wort Fermentation {#S2.SS4.SSS1}

Yeast strains were propagated in triplicates in YPD media in 96-well plate format (Greiner Bio-one^®^) at room temperature with agitation at 100 r/min for 5 days. Cultures were diluted 1:20 in water prior to inoculation. 10 μL of the yeast dilution was inoculated into standard pilsner wort (Viking malt^®^) for a final volume of 270 μL/well; 96 well-plates (CR1496c---Enzyscreen^®^) were sealed with anaerobic lids and kept at 25°C with agitation at 200 r/min in a GrowthProfiler 960 (Enzyscreen^®^), with pictures automatically taken every 30 min to monitor cell growth. To obtain a relative growth value, pictures were converted to G-Value using the image analysis software (Enzyscreen). Fermentations were harvested after 7 days, cells were removed by centrifugation (3000 *g*, 4°C, 5 min), and supernatant was kept for further analysis.

### Determination of Ethanol and Acetic Acid in Beers {#S2.SS4.SSS2}

Quantification of ethanol and acetic acid was performed in 96-well format following indicated microplate assay procedure. In order to quantify ethanol content, samples were diluted 1:200 in water and determined using the Ethanol Assay Kit K-ETOH^®^ from Megazyme. In order to quantify acetic acid content, samples were diluted 1:100 in water and determined using Acetic Acid (Acetate Kinase Manual Format) K-ACETRM^®^ from Megazyme. Both kits are based on stoichiometric reactions using NADH as a cofactor and measurements in the decrease/increase of absorbance at 340 nm (Megazyme^®^). A calibration curve of known concentrations was performed for the accurate determination of each compound. Optical density was measured in a Spark^®^Multimode Plate Reader (TECAN).

### Determination of Volatile Compounds in Beer With Gas Chromatography/Mass Spectrometry {#S2.SS4.SSS3}

The main flavor-active compounds produced by the *Brettanomyces* collection were analyzed using gas chromatography/mass spectrometry analysis. The beer sample size was 200 μL. Analytes were extracted using liquid--liquid extraction with methyl-tert-butyl ether directly in the vial. The analysis was performed using a mid-polarity column (Zebron^TM^ ZB-1701, GC Cap. Column 30 m × 0.25 mm × 0.25 μm) installed in a GC (7890B, Agilent) coupled with a quadrupole detector (59977B, Agilent). The system was controlled by ChemStation (Agilent). The GC-method was set up as described by [@B81]. Raw data were converted to netCDF format using Chemstation (Agilent), before the data were imported and processed in Matlab R2014b (Mathworks, Inc.). Quantifications were performed using external calibration lines.

### Assay for Utilization of Glucose and Maltose With Biolog {#S2.SS4.SSS4}

Cells were grown in 96-well plates in YPD until saturation. Cultures were diluted in sterile water 1:10^4^ before inoculation in the appropriate media. Media consisted of Yeast Nitrogen Base with amino acids supplemented with 1% glucose and maltose, respectively, as a carbon source. Strains were inoculated in triplicates into Biolog^®^ 96-well plates and incubated at 25°C without agitation. Growth kinetics was monitored with OmniLog^®^Biolog. The quantification was coupled with formation of the purple formazan due to reduction of the tetrazolium dye by metabolically active cells. The quantification of the purple formazan formation was performed by Omnilog^®^Biolog software and its output is given in B values. Data handling was performed using OmniLog_FileManagement Software.

### Assay for Growth on Cellobiose and Extracellular β-Glucosidase Activity {#S2.SS4.SSS5}

*Brettanomyces* strains were inoculated in triplicates into 96-well plates containing Yeast Peptone Cellobiose (2% Cellobiose) and incubated for 1 week at 25°C. Absorbance was measured at 600 nm to monitor growth. Cultures were spun down and supernatant was collected to measure extracellular β-glucosidase activity. The enzymatic beta-glucosidase test was performed with MAK129^®^ β-glucosidase assay kit from Sigma--Aldrich. P-nitrophenyl-β-[D]{.smallcaps}-glucopyranoside (β-NPG) was used as a substrate and variation of optical density was measured at 405 nm after 20 min incubation at 37°C. Absorbance on 96-well plate format was measured on Spark^®^Multimode Plate Reader (TECAN). The assay results are given in units/L, one unit is the amount of enzyme that catalyzes the hydrolysis of 1.0 μmole substrate per minute at pH = 7.

### Screening for POF and Quantification of Volatile Phenols With UPLC {#S2.SS4.SSS6}

Phenolic off-flavor production was screened using an absorbance-based method based on the uptake of ferulic acid ([@B100]). Yeast cells were grown in triplicates in 96-well plates with YPD media for 7 days. Cultures were diluted 1:100 in water before inoculation in a new 96-well plate with YPD supplemented with ferulic acid at 0.1 mg/mL. After 1 week cultivation at 25°C with agitation (100 r/min, IKA KS 501 digital), plates were centrifuged (4000 *g*, 5 min, 4°C), 100 μL of supernatant was collected, and absorbance was measured at 325 nm using a Spark^®^Multimode Plate Reader (TECAN).

During wort fermentations, phenolic compounds (ferulic acid, coumaric acid, 4-EG, 4-EP) were quantified by ultra performance liquid chromatography (UPLC) (Waters) with PDA detection (280 nm). The separation was achieved using the BEH Phenyl Ultra Column (2.1 × 100 mm, 1.7 μm) and a flow of 0.5 mL/min. The injection volume was 1 μL. The mobile phase was 99.9% A, 0.1% B between 0 and 3 min. followed by a gradient up to 45% B for 5 min. Eluent A was contained 3% formic acid, 10% methanol in water and eluent B was 100% methanol. Calibration standards were prepared in methanol in the range 0.1--10 mg/L by dilution of a 10 mg/L standard mix. Beer samples were filtered on a 0.2 μm filter, diluted 1.5× with eluent A and vortexed for 5 s. Compounds were identified by retention time and ID was confirmed by spiking with standard solution.

Intermediate Fermentations {#S2.SS5}
--------------------------

Strains were propagated in pilsner wort in 50 mL Erlenmeyer shake flasks. A pitching rate of 100,000 cells/mL was determined using a Cellometer X2 (Nexelom Bioscience) to count the cells. Fermentations were performed in duplicates in 250 mL Duran bottles containing 200 mL of standard pilsner wort (Viking Malt). Cumulative pressure was monitored with ANKOM RF Gas Production System^®^ (ANKOM). Fermentations were stopped after 7 days, cells were removed by centrifugation (4000 *g*, 10 min, 4°C) and the supernatant was used for analysis.

Principal Component Analysis and Statistical Analysis {#S2.SS6}
-----------------------------------------------------

Principal component analysis (PCA) was performed on all 84 individuals, described by 12 variables. PCA was performed using the R software (version 3.5.2). Missing values were addressed by imputing them using the imputePCA function. PCA was performed using first five principal components, which explained 75% of the variance. A biplot displaying PC scores of different strains (points) and loadings for each variable (cos2-vector) was produced. Variables are colored by cos2 (squared coordinates) high cos2 indicates a good representation, a low-bad. The colors are: red = good, green = bad. Observations are shown as balls, which are colored according the grouping following the Genetic.Cluster. For each group, there is a bigger ball representing the mean of the group (centroid). Correlation and PCA scores were extracted and included. Statistical analysis was performed on phenotypical data and *in vitro* analysis, with one-way ANOVA followed by Tukey *post hoc* test (*p* \< 0.05) using R software (version 3.5.2). The detailed output of the statistical analysis can be found at [Supplementary Material](#DS1){ref-type="supplementary-material"} (Statistical tests).

Results {#S3}
=======

Genetic Clustering of *Brettanomyces* Species {#S3.SS1}
---------------------------------------------

In order to study the population structure of *Brettanomyces* genus, we sequenced the whole genome of 84 *Brettanomyces* strains, comprising the species *B. bruxellensis* (64), *B. anomalus* (14), *B. custersianus* (3), and *B. naardenensis* (3). Through comparison of protein sequences, a phylogenetic tree comparing all 84 isolates was constructed ([Figure 2A](#F2){ref-type="fig"}). The different *Brettanomyces* species cluster together as shown by the branch color ([Figure 2A](#F2){ref-type="fig"}). The metadata layer 1 displaying the substrate of isolation infers that the genomic set-up of *Brettanomyces* population is strongly influenced by the media they survive in. Interestingly, a major clade comprising strains isolated from beer is formed. This clade contains mainly commercial strains applied for craft brewing referred to as "Farmhouse" and another clade where the majority of strains are isolated from spontaneously fermented Belgian Lambic beers, which is labeled as "Lambic." Moreover, a sub-clade within the "Lambic" group could be identified, where the strains come from various natural origins; ethanol plants, barrel-aged beers, and matured wines. Therefore, this sub-clade is labeled as "Wood/Wild." The old Carlsberg *B. bruxellensis* strain CRL-50 is located at the edge of the "Farmhouse" cluster, indicating that after deposition this strain could have been applied for brewing purposes. With regard to the wine spoilage isolates, the genetic divergence is much higher as displayed by branch lengths in [Figure 2B](#F2){ref-type="fig"}. Genetic similarities among beer strains are the first hint of artificial selection pressure, in which strains with desired phenotypes have been recently applied. It is observed that the geographical distribution of the beer isolates seems to be more homogenous than wine isolates. In contrast, the artificial selection of wine-spoilage *Brettanomyces* has occurred in a reversed way. The results indicate that strains have evolved in parallel in several wine regions in the world, developing resistance to wine preservatives, and resulting in higher genetic divergences ([@B24]; [@B5]). In regard to wine isolates, two main clades are found. As previously described ([@B9]; [@B6]), population structure of *B. bruxellensis* displays a variable ploidy of 2n/3n. The cluster "Wine 2n" comprises mainly diploid strains \[also described as (CBS2499-like) in [@B5]\], and the reference genome UMY321, while the cluster "Wine 3n" comprises mainly triploid strains (AWRI1499-like) in [@B5]. Moreover, there are some isolates highly divergent from the rest of strains, CRL-63, -52 labeled as ("Tequila"-like) in [@B5] and showing potential signs to be the common ancestors in *B. bruxellensis* species.

![Genomic phylogeny of *Brettanomyces* population. **(A)** Circular claudogram of 84 *Brettanomyces* species included in this study. Phylogenetic tree was produced by comparison of the predicted proteins in the whole genome of each strain. Strains used as reference genome are marked with (^∗^) Old CRL isolates are marked with (\#). Branches are colored according to species, tree nodes according to continent of origin, and metadata layer is colored according to substrate of isolation. Yeasts have been grouped in different genetic clusters according to its location in the tree and genetic cluster names are indicated in the external circle. **(B)** Same phylogenetic tree in radial form. Branch length and separation displays genomic divergence between *Brettanomyces* isolates.](fmicb-11-00637-g002){#F2}

Chromosomal Organization of the Reference *B. bruxellensis* UMY321 Strain: Distribution of Functional Genes {#S3.SS2}
-----------------------------------------------------------------------------------------------------------

The high-quality reference genome UMY321 was downloaded from NCBI ([@B37]). The genome is organized in eight scaffolds, which could be considered as a chromosome level structure. All the ORFs of the genome were identified, and the function of each gene was predicted. The most relevant genes for brewing were pinpointed, and we produced a chromosome-like map with an overview of the genome distribution ([Figure 3](#F3){ref-type="fig"}). The list of predicted gene function and its relevance is explained in [Supplementary Table S1](#DS1){ref-type="supplementary-material"}. Despite the genome of *Brettanomyces* being highly dynamic and karyotypes strongly variable ([@B54]; [@B24]), we could display an overview of the polymorphic subtelomeric regions where more variation is expected ([@B11]). The centromeric loci *CEN1*, *CEN2*, responsible for chromosome rearrangements and change of ploidy ([@B59]) is located in scaffold I. Scaffold I also contains a maltose assimilation cluster (*MAL31*, *MAL11*, *IMA1*), similar to the one already described in brewer's yeast in which is essential for maltose degradation ([@B75]; [@B57]; [@B76]). In this case, no transcriptional activator such as *ScMAL13* is present, but just an α-glucosidase surrounded by maltose permeases and transporters. The nitrate assimilation cluster is spotted in the subtelomeric region of scaffold IV, and both β-glucosidases (*BGL1*, *2*) are found on the edges of scaffolds V and II, respectively. *BbPAD1*, gene responsible for POF phenotype, is located at the shortest scaffold (VIII). As a general overview, most diacetyl, ester, and ethanol production genes are found at conserved regions, therefore low variability in these phenotypes could be expected. Furthermore, several events of gene duplication are present, especially abundant in scaffold VI. This phenomenon is commonly seen as a mechanism of adaptation by yeast ([@B56]; [@B3]; [@B30]; [@B50]; [@B52]). For example, three repetitions of the major isomaltase IMA1 are present, displaying copy number repetitions to enhance utilization of carbon sources ([@B32]; [@B74]; [@B103]). These numerous repetitions of *IMA1* are also common in brewing yeasts, with sequences sharing high similarities one to another ([@B71]; [@B29]). *ADH6* responsible for aldehyde reduction ([@B66]) is also present in triplicate along the genome and could have a potential role in environmental adaptation and *Brettanomyces* survival. Duplication of *ADH6* as a response to cell damage has been described in brewing yeast, as protein abundance increase when DNA-replication-stress is induced ([@B106]). Moreover, three copies of isoamyl acetate esterase *IAH1* are noticed, which are presumably involved in acetate ester degradation ([@B40]; [@B18]). The FLO gene family is often duplicated at the subtelomeric regions, a phenomenon already well-described in brewing yeast ([@B104]). This gene family often show intrinsic tandem repeats and occasionally are transcriptionally silent ([@B107]).

![Distribution of brewing-relevant genes across the *B. bruxellensis* UMY321 reference genome.](fmicb-11-00637-g003){#F3}

Genomic Variability in *Brettanomyces* Populations {#S3.SS3}
--------------------------------------------------

A phylogenetic tree based on predicted functional ORFs was created with the aim of assessing genomic clustering among isolates ([Figure 2](#F2){ref-type="fig"}). The identified genes from [Figure 3](#F3){ref-type="fig"} were used to perform a multi-BLAST search for each one of them, and a heatmap was created to assess major divergence among the previously classified genomic clusters ([Figure 4](#F4){ref-type="fig"}). As the reference *B. bruxellensis* strain UMY321 is a diploid wine isolate strain, most of the "Wine 2n" cluster display a full genome coverage. Several strains of the "Wine 3n" cluster are missing an outer region of scaffold V, where *BGL1* is located among others. This is also the case in the "Wild/Wood" group. With regard to the beer isolates "Lambic" and "Farmhouse," most isolates are missing the subtelomeric segments of scaffold I (where a sugar-transporter *LACP* is located) and scaffold II (*BGL2*-region). The lack of this β-glucosidase in beer-isolated strains has been observed before ([@B20]). All strains in the "Lambic" sub-group are missing large internal region of the scaffold II and correspondingly lacking a maltase (*MAL12*). A high number of strains in the "Lambic" cluster are also missing the nitrogen assimilation cluster in the subtelomeric region of scaffold IV.

![Genomic coverage of *Brettanomyces* strains included in the study. The reference genes spotted in [Figure 3](#F3){ref-type="fig"} were subtracted and a BLAST search was performed for each gene, respectively. To predict regions of loss, hits scoring \> 95% of the total BLAST score were considered as valid for gene presence. Coloring in the genomic heatmap indicates absence/presence of the respective gene. Two strains showed a low read-mapping coverage and were removed from the figure (CRL-6, CRL-60).](fmicb-11-00637-g004){#F4}

The "Anomalus," "Custersianus," and "Naardenensis" groups were mapped to a different reference genome. Therefore, the genomic coverage is lower and unevenly distributed among the scaffolds. Nevertheless, while most of the essential brewing genes have a corresponding homologous in the "Anomalus" group, similarities in "Naardenensis" and "Custersianus" group are hardly found, inferring the high divergence of this species and the reference group.

Fermentation Performance and Production of Flavor Compounds in *Brettanomyces* Population {#S3.SS4}
-----------------------------------------------------------------------------------------

In order to assess the brewing potential of the *Brettanomyces* population, strains were inoculated into Pilsner wort, and fermentation was monitored in a 96-well plate in triplicates. Growth was quantified with a Growth-profiler^®^ Enzyscreen and growth kinetics curves were created ([Figure 5A](#F5){ref-type="fig"}). Fermentations were stopped after 7 days when most of the strains had reached the stationary phase. Plates were centrifuged and the supernatant was collected for analysis. Acetic acid content was quantified varying from 5 to 20 g/L ([Figure 5B](#F5){ref-type="fig"} and [Supplementary Table S3](#DS1){ref-type="supplementary-material"}). Also, ethanol content was measured from 0.5 to 2.5% v/v ([Figure 5C](#F5){ref-type="fig"} and [Supplementary Table S3](#DS1){ref-type="supplementary-material"}). It should also be noted that for certain strains, the standard deviations are large among replicates ([Supplementary Table S3](#DS1){ref-type="supplementary-material"}). Despite plates being sealed with anaerobic lids, such high acetic acid/ethanol ratios indicate that oxygen was present during the wort fermentation ([@B1]), and carbon utilization could have been poor in certain isolates. VOCs were quantified and a violin plot was produced to get an overview of the flavor distribution among genetic clusters ([Figure 5D](#F5){ref-type="fig"} and [Supplementary Table S2](#DS1){ref-type="supplementary-material"}). In regard to fusel alcohols, the production of Isobutanol, 2-phenylethanol and isoamyl alcohol is generally higher in strains belonging to the genomic cluster ("Lambic," "Farmhouse"), also "Anomalus." Consistently, production of acetate esters is above average in such beer-related clusters. Certain strains such as CRL-21 and CRL-25 produce an outstanding amount of acetate esters, reaching levels above 26 mg/L of isoamyl acetate and 170 mg/L of ethyl acetate. Ethyl caprylate could only be measured in four groups and in small amounts. Diacetyl was detected in all samples except in "Naardenensis" group, most of it above sensory threshold of detection (0.05 mg/L).

![**(A)** Growth curves of *Brettanomyces* strain collection in pilsner wort, shown by means (*n* = 3). Growth-related values (G-value, *y*-axis) were extracted with the image analysis software (Enzyscreen). Fermentation time is indicated in minutes (*x*-axis). **(B,C)** Acetic acid and ethanol content of beers produced. Error bars show standard deviation (*n* = 3). **(D)** Violin plot for the main volatiles measured in beers. Strains are grouped according to its genetic cluster. Sensory detection threshold is indicated by a continuous line. When the line is not present, measured values are below detection threshold. Plots were obtained using ggplot2 package in R. Quantified values and statistical test can be found in [Supplementary Table S2](#DS1){ref-type="supplementary-material"} and Statistical Test 1, respectively.](fmicb-11-00637-g005){#F5}

*Brettanomyces* Population Patterns in α- and β-Glucosidase Activity {#S3.SS5}
--------------------------------------------------------------------

Minimal media with a sole carbon source (glucose or maltose) was used in order to get an overview of α-glucosidase activity among the *Brettanomyces* collection. Growth was monitored by quantifying the colorimetric change in relation to NAD^+^ utilization, using Omnilog^®^ (BIOLOG). Kinetics of glucose and maltose utilization of the *Brettanomyces* collection is displayed in [Figure 6](#F6){ref-type="fig"}. All the strains efficiently grow in the presence of glucose, confirming that glucose is the preferred substrate by *Brettanomyces* species ([@B8]). However, when maltose is applied as a sole carbon source, a wide variability of responses is observed. Maltose is usually taken at lower rates than glucose, and several strains are not able to assimilate the sugar at all. These results indicate that alpha-glucosidase activity is strongly variable in between *Brettanomyces* species, and is not functional in some strains. Generally, there is a longer lag-phase when maltose is present, indicating that a regulatory mechanism is involved which can require adaptation time.

![Sugar utilization of a representative part of *Brettanomyces* collection. Strains grown in media with glucose (red) or maltose (blue) as sole carbon source. Shaded curves are representing standard deviations between triplicates. *Y*-axis represents yeast growth quantified by Bvalue in Biolog. *X*-axis represents time in hours. Graphs of the full-collection can be found at [Supplementary Figure S1](#DS1){ref-type="supplementary-material"}. Statistical tests of the current data on maltose assimilation can be found in [Supplementary Material](#DS1){ref-type="supplementary-material"}.](fmicb-11-00637-g006){#F6}

To test β-glucosidase activity, strains were grown in YPC, using cellobiose as a sole carbon source, and OD600 was measured after 7 days. After that, yeast cells were removed by centrifugation, supernatant was collected, and conversion of beta substrates on the remaining media was measured. A Scatter plot comparing both activities was produced with the Unscrambler^®^CAMO ([Figure 7](#F7){ref-type="fig"}). Strains are color-grouped according to the possession of genes. As expected, growth in cellobiose is strongly correlated with the beta-glucosidase activity in the extracellular fraction ([Figure 7](#F7){ref-type="fig"}). Two β-glucosidases can be found in *B. bruxellensis*, and strains can have either none of them, just one, or both ORFs. Strains possessing no ORF or single *BbBGL1* do not grow efficiently on cellobiose, and consequently no β-glucosidase activity is observed. In contrast, strains possessing *BbBGL2* or both ORF display abundant growth on cellobiose and extracellular beta-glucosidase activity ([Figure 7](#F7){ref-type="fig"}). These results clearly indicate that *BbBGL2* plays a major role in break-down beta glucosides, while the role of *BbBGL1* is minimum. As previously reported, the remaining *Brettanomyces* species (*anomalus*, *custersianus*, *naardenensis*) can grow efficiently on cellobiose and showed high β-glucosidase activity ([@B25]; [@B112]; [@B110]). β-glucosidase activity in the cellobiose-active strains is diverse as shown by *x*-axis in [Figure 7](#F7){ref-type="fig"}. *B. bruxellensis* strain CRL-52 scored the highest conversion of β-glucosides measured in 2,56 units/L.

![β-glucosidase activity in cultures grown on cellobiose as sole carbon source (OD600) and extracellular activity measured (units/L). Strains are grouped according to the identified ORF in the genome. Statistical tests of the current experimental data can be found in [Supplementary Material](#DS1){ref-type="supplementary-material"}.](fmicb-11-00637-g007){#F7}

Phenolic Off-Flavor Phenotype of *Brettanomyces* Population and Detection of POF-*Brettanomyces anomalus* CRL-90 {#S3.SS6}
----------------------------------------------------------------------------------------------------------------

The POF phenotype of the *Brettanomyces* population was investigated by measuring the uptake of the precursor ferulic acid. Strains were grown in YPD + 100 mg/L ferulic acid in triplicates in 96-deep well MTP format. After 7 days, the residual ferulic acid was detected by OD measurement at 325 nm. On one hand, results shown in [Figure 8A](#F8){ref-type="fig"} indicate that both *B. custersianus* and *B. naardenensis* species are not able to assimilate ferulic acid. Only one *B. naardenensis* strain (CRL-65) seems to convert ferulic acid and be POF+. On the other hand, all strains of *B. anomalus* and *B. bruxellensis* are able to metabolize ferulic acid. Interestingly, one strain belonging to *B. anomalus* species (CRL-90) with a minimum conversion of ferulic acid was identified. To test CRL-90 POF phenotype further, wort fermentations in 250 mL glass bottles were performed, and the content of volatile phenols in the resulting beer was quantified ([Figures 8B,C](#F8){ref-type="fig"}). While both 4-EP and 4-EG are detected in the control stain CRL-2, 4-EP is absent and a minimum amount of 4-EG is present after fermentation with CRL-90. The phenolic pathway intermediates 4-VP and 4-VG are below threshold in all fermentations. These results confirm the inability of CRL-90 to convert phenolic acids and therefore the first *Brettanomyces/Dekkera* species without POF up to date is reported. Such results are consistent with the genotypic data, as CRL-90 strain is missing *BaPAD1* gene responsible for decarboxylation of ferulic acid to 4-VG. When the corresponding scaffold is compared to CRL-49 reference genome, strain CRL-90 is missing the side region where *BaPAD1* is located ([Figure 8D](#F8){ref-type="fig"}). Additionally, as loss-of-function mutations (such as frameshifts or premature stop codons) in *ScPAD1* and *ScFDC1* are commonly found ([@B43]; [@B49]; [@B84]), we investigated their presence in *BbPAD1.* Nevertheless, amino acid sequences of *BbPAD1* resulted highly similar and none of the POF inactivation mechanisms previously mentioned were found.

![**(A)** Screening of the 84 *Brettanomyces* strains for uptake of ferulic acid. Heatmap displays averaged values of OD325 (*n* = 3). Standard deviations can be found at [Supplementary Table S2](#DS1){ref-type="supplementary-material"}. 1 = *B. naardenensis*; 2 = *B. custersianus;* 3 = *B. anomalus*; 4 = *B. bruxellensis*; 5 = Blanc; ^∗^ = CRL-90. ^∗∗^ = Low growth. For ferulic concentration, see [Supplementary Table S3](#DS1){ref-type="supplementary-material"}. **(B)** Pilsner wort fermentation of CRL-2 and CRL-90. Average values (*n* = 2). **(C)** Phenolic acids (p-coumaric, ferulic) and volatile phenols (4-ethylphenol, 4-ethylguaiacol) in mg/L at the end of fermentation. **(D)** Genomic setup of CRL-90 compared to the reference CRL-49. The figure has been produced with BLAST tool, comparing the contig nr. 685 where *DaPAD1* is present. In [Supplementary Table S4](#DS1){ref-type="supplementary-material"}, information about the presence of neighboring ORFs with its respective function is given.](fmicb-11-00637-g008){#F8}

Genotype/Phenotype Correlation and Principal Component Analysis Based on Experimental Data {#S3.SS7}
------------------------------------------------------------------------------------------

The genotype--phenotype correlation of the *Brettanomyces* population was investigated by grouping the strains according to its genomic cluster and plotting the phenotypical data generated ([Figure 9](#F9){ref-type="fig"}). To summarize, *B. naardenensis* and *B. custersianus* confirm to be far distinct species, with specific properties as shown by low acetic acid and ethanol production along with ferulic acid consumption. With regard to alpha and beta-glucosidase activity, clear population trends are observed. "Anomalus" group displays powerful carbon assimilation, scoring high values in both cellobiose and maltose utilization. In regard to *B. bruxellensis* species, strains belonging to beer group ("Farmhouse," "Lambic") display efficient maltose utilization coupled to poor cellobiose assimilation. The opposite effect was observed in "Wine" and "Wild" isolates, as slow growth in maltose is linked to efficient growth in cellobiose. Our observations suggest that *B. bruxellensis* strains rely either on its α- or β-glucosidase activity to survive, and unnecessary traits for survival are lost over time. Furthermore, the population trends were visualized using a PCA of all previously quantified phenotypical parameters. A bi-plot was produced, with strains colored according to its genetic cluster ([Figure 10](#F10){ref-type="fig"}). The weight of the variables into each PC is displayed by cos2 function with arrow length. Production of VOCs (as shown by concentrations) imposed a strong impact across PC1, explaining 36.5% of the variance. Variable loadings and correlation plot can be found in [Supplementary Figures S2](#DS1){ref-type="supplementary-material"}, [S3](#DS1){ref-type="supplementary-material"}. The *Brettanomyces* population distribution across the matrix in [Figure 10](#F10){ref-type="fig"} suggests that strain phenotypical properties can be predicted according to the genetic cluster they belong to.

![Violin plot with phenotypical measurements of *Brettanomyces* population. Strains are grouped according to the genomic cluster assigned in [Figure 2](#F2){ref-type="fig"}.](fmicb-11-00637-g009){#F9}

![Bi-plot with principal component analysis variable loadings of *Brettanomyces* strains included in the study. Variable loadings are measured by cos2 function.](fmicb-11-00637-g010){#F10}

Discussion {#S4}
==========

In this study, we have aimed at providing a base to identify potential applications for *Brettanomyces* in brewing. A strain collection of *Brettanomyces* has been genotypically and phenotypically analyzed. Yeast strains have been clustered according to its predicted protein content, revealing specific genomic setups that enable survival in certain niches such as wine, beer, and wooden barrels. A large amount of functional genes have been identified, and the population has been sorted according to their presence or absence. The strains have also been tested for their brewing potential and a correlation with the genomic cluster has been carried out.

Throughout the study, several signs of artificial selection pressure have been observed. The short genetic divergence of beer isolates indicates that strains with similar characteristics have been selected for brewing. Such selection could have happened either in a selected manner, in Farmhouse brewing or in a spontaneous way in Lambic brewing ([@B98]; [@B18]). This has led to a set of strains with a high degree of sugar attenuation and high ester production. In contrast, strains isolated from wine are largely divergent, whereas *Brettanomyces* species are considered spoilage yeasts. The pressure for natural adaptation is likely the cause of the genomic diversity observed. One example is the development of a triploid state for SO~2~ tolerance, pushing *Brettanomyces* wine-related population toward this characteristic ([@B9]; [@B5]). Moreover, a singular cluster of strains has been characterized, containing strains isolated from bioethanol production plants and wooden barrels. This set of strains contain special properties, such as the inability of utilizing maltose as a substrate, balanced by the efficient degradation of cellobiose. In addition, *B. custersianus* and *B. naardenensis* species demonstrate interesting traits for brewing applications, like POF---phenotype and high β-glucosidase activity. In addition, *B. custersianus* displays a highly flocculent phenotype which is desired to ease brewing downstream processes. However, the low maltose assimilation and the production of several off-flavors such as H~2~S prevent these two species from being applied in brewing, at least in the short term. The potential application of *B. custersianus* and *B. naardenensis* for low alcoholic beers and secondary fermentation strains could be explored further.

Furthermore, *B. anomalus* has proven its potential for brewing, with an efficient metabolism of maltose, high β-glucosidase activity, and remarkable production of flavors ([Figures 5D](#F5){ref-type="fig"}, [9](#F9){ref-type="fig"}). Additionally, one *B. anomalus* strain (CRL-90) was found to have a POF negative phenotype, related to the loss of the subtelomeric region containing *BaPAD1*. This confirms that BaPad1 protein is essential for the decarboxylation of ferulic acid ([@B47]). CRL-90 is also the first strain within the *Brettanomyces* genus where such loss of POF function is described. Interestingly, the loss of the subtelomeric region containing *PAD1-FDC1* genetic cluster has been recently reported as a mechanism of POF inactivation in lager yeasts of the Saaz-type ([@B42]; [@B65]). Curiously, CRL-90 was also the only *Brettanomyces/Dekkera* strain with the inability of assimilating maltose, lacking also the maltose assimilation cluster (*MAL31*, *MAL11*, *IMA1*). This observation points toward a possible evolutionary correlation between the traits of maltose assimilation and POF production in *Brettanomyces* species ([@B94]).

In Farmhouse and Lambic brewing, *Brettanomyces* strains have been generally applied as "primary" fermentation strains, selecting toward an efficient maltose metabolism. Curiously, most of the *B. bruxellensis* beer isolates "Farmhouse" and "Lambic" score low on β-glucosidase activity and cannot metabolize cellobiose. This is due to the lack of *BbBGL2* gene which has shown to be essential on breaking-down beta-substrates ([Figure 7](#F7){ref-type="fig"}). When possessing *BbBGL2 B. bruxellensis* can consume cellobiose, and have more probabilities to survive long term in wooden barrels or grape-peels ([@B19]; [@B101]). Therefore, *BbBGL2* could be considered as a potential gene target in production plants where *Brettanomyces* is not desired. As the concentration of α-glucosides in beer is substantially higher than the β-glucosides, most beer isolates have lost this non-essential ORF. In contrast, the absence of *BbBGL1* does not restrict the digestion of beta substrates, as shown by "Wine 3n" and "Wild" population. In terms of extracellular β-glucosidase activity, CRL-52 is outstanding from the rest of the population ([Figure 7](#F7){ref-type="fig"}). Despite being a beer isolate, CRL-52 is genomically distinct from the main *B. bruxellensis* beer isolates, and could also be considered a potential common ancestor ([Figure 2](#F2){ref-type="fig"}). CRL-52 was isolated in a South African "Bantu" brewery, where malted millet is used as raw material, requiring a different adaptation to the substrate composition for its survival. Moreover, CRL-52 is among the few strains capable to metabolize both maltose and cellobiose efficiently, confirming that unnecessary traits for survival (either α- or β-glucosidase activity) could have been eliminated in certain *Brettanomyces* populations over time.

Interestingly, the yeasts in the "Lambic" genetic cluster are missing nitrate assimilation ORFs, pointing toward nitrate uptake not being an essential requirement for survival in beer ([Figure 4](#F4){ref-type="fig"}). Beer wort is widely known as an amino acid-rich media, therefore other nitrogen sources are available to use by this *Brettanomyces* population ([@B79]). Maltose assimilation in the studied *B. bruxellensis* isolates still remains ambiguous. Despite the maltose assimilation cluster (*MAL31*, *MAL11*, *IMA1*) is found in all the isolates, mostly beer and some wine isolates are capable of assimilating maltose, while "wild" strains are not. A gene coding for a maltase, *MAL12*, was initially thought to contribute to the population variance aiding the break-down of α-linked sugars ([@B20]). Unexpectedly, most beer strains are missing this ORF and are still able to metabolize maltose, which was also seen before ([@B21]). While maltose assimilation has been extensively elucidated in brewer's yeast, with complex regulatory pathways containing several repressors and regulators ([@B77]; [@B10]), further research is needed to uncover such sugar metabolism in *Brettanomyces*. Despite population trends in regard to maltose assimilation phenotype are observed, the role of specific proteins is still uncertain. As in *S. cerevisiae*, maltose metabolism is probably determined by gene duplication and increase in copy number ([@B103]; [@B76]).

With regard to flavor production, certain strains with high production of acetate esters have been identified (CRL-21 and CRL-25). Such phenotype could be due to a higher copy number of *ATF1* gene, as unique nucleotide sequences in any of these strains could not be identified. Production of fusel alcohols and acetate esters is generally higher in beer isolates, most likely due to efficient catabolism of amino acid precursors (valine, leucine, isoleucine, phenylalanine) ([@B53]; [@B13]). Furthermore, the off-flavor diacetyl was measured at extensive ranges, and no correlation could be defined. Most of the diacetyl-related *ILV* genes are located in centromeric-like regions and conserved in *B. bruxellensis* strains. As this off-flavor is linked to the fermentation--maturation stage of the beer, and its flavor detection threshold is remarkably low, it can become challenging to rush into certain conclusions for production and prevention of this metabolite ([@B28]; [@B82]).

Conclusion {#S5}
==========

The present study reveals an extensive evaluation of the *Brettanomyces* population diversity worldwide, while also connects phenotypical traits to genotypes. A deep understanding of the huge range of properties *Brettanomyces* species are capable of offers a novel perspective into the phenotypic variants of this species. This opens opportunities for its industrial application, particularly in the field of beer brewing. This knowledge could be applied to satisfy the high demand for development of craft beers with novel flavors and beers with low- to non-alcohol content.
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